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INTRODUCTION 

This  repor t  (prepared by the t e s t  specimen supplier - Hexcel Products  Inc., Berkeley, 
California) is presented in  compliance with o u r  commitment to submit a Final Mater ia ls  
Report  outlining those experiments,developments, studies and other  effor ts  related to 
ma te r i a l s  and their  processing toward fulfillment of the technological requirements  of 
Contract No. NAS 9- 2074. (Ref: The final engineering repor t  submitted by Bendix 
Products  Aerospace Division in  compliance with the above contract  is No. SPP- 65- 107 
"Energy Absorbing Charac te r i s t ics  of Crushable Aluminum Structures  in  a Space Environ- 
ment" dated July 24, 1965) 
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On October 7 ,  1963, four Purchase Orders were received f ron  

the Bendix Corporation, South  Bend, Indiana, for the develop- 

ment and manufacture of enrrglr  =hsor?tion capsuies €or their 

evaluation and test program of the LCM vehicle landing gear. 

Under NASA sponsorship, Bendix was to initiate a study of t h e  

energv absorption characteristics of several aluminum honey- 

comb configurations under different environmental conditions. 

This program is discussed in the Bendix Aluminum Honeycomb 

Specification dated September 12, 1963. 

was awarded t h e  contract to develop and manufacture the honey- 

comb capsules which were then to be tested by Bendix. 

description and discussion of the several configuration sizes, 

core types, and loading characteristics is presented in 

Section 3.1 of this report. 

discussed in Section 4.1. 

Hexcel Products Znc. 

A 

Hexcel's development efforts are 



1.1 ABST3ACT 

T h i s  report presents an outline and detailed discussion 

of the development 

used for nine different configurations of a cvlinarical 

honeycomb energv absorption cansule. These caxmleg 

were fabricated for the :$en5ix Comoration, who was to 

conduct a test program of the capsules under NASA 

sponsorship. Because of adverse crusn characteristics 

experienced during the development nhase, several con- 

figurations were modified in size without necessarily 

deviating from the original concept of each configuration. 

This program has led to a better understandinE of the 

energy absorption characteristics of various honeycomb 

core types and has resulted in establishing some critical 

factors to he considered in the design of slender, crush- 

able honevcomb columns. 

e f f o r t ,  and fahrication techniyues 

2 



. I  iICXCEL FRO,'lj'CTS INC.  
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In accordance with Bendix' requirements, this program was 

divided into four phases each with a separate Purchase Order 

number. 

3.1.1 The fir.st phase (P.9.  422026H) involved making samples 

for each of the nine configurations requested. 

on a liicited amount of background information, the 

design and fabrication methods were established for  

each tyDe. 

quirements and Hexcelk suggested desicn and fabrication 

methods. 

designs selected and  a six-inch long sample of each 

type was made of available material and shipDed €or 

Bendix' visual  inspection. 

Based 

Table I ?resents the oriqinal Bendix re- 

After Bendix' approval, these were the 

3.1.2 The second phase (P.0. 422027H) required fabrication of 

six-inch long parts of each type which were made of 

materials such that they would meet the required crush 

characteristics. 

load betwean 5100 and 5900 lbs.; for each confipuration, 

A l l  types had to crush at a static 

the averaze load was not to varv more than + - 5%. After 

Hexcel's static test i n ? ,  f ou r  of these "wepFoduction" 

samples were to be delived to Bendix. It was at this 

point that considerable difficulties were encountered; 

this is discussed more f u l l y  in Section 4.1. 



inch  lonq cans i l les ,  t$e f a h i c a t i o n  o f  f u l l - l e n r t h  capsules  

would stiirt as nhase t+rec (D.O. 422033Ii) .  Ten m r t s  of 

each c o n f i E u r a t i o n  Y ~ C T -  t o  he made foi- t h i s   has^. i:nd 

c u t s  were t o  59 t a k e n ,  tested a t  f iexcel,  and t h e  "peak" 

load and s t a t i c  crus?? curves  t o  be s u n p l i e d  f o r  each q a r t  

t o  Dendix. ?he requirement  for f u l l - l e n g t h  c a p s u l e s  was 

t h a t  t h e v  were t o  have a s t r o k e  of 40 -.OO i n c h e s ,  which 
4.5 

would mean t h a t  t h e  t o t a l  l e n q t h  would depend l imn t h e  

p e r c e n t  stroke for each core t y x .  T h i s ,  i n  f ac t ,  var ies  

between 75 and 80% as was exner ienced  and shown i n  S e c t i o n  Y . l .  

3.1.4 ?he f i n a l  phase c o n s i s t e d  of f a b r i c a t i n g  33 n a r t s  of two 

c o n f i g u r a t i o n s ,  and two aa r t s  of t w o  other c o n f i q u r a t i o n s  

t o  be s e l e c t e d  bv Bendix a c t e r  t h e i r  t e s t i n ?  and e v a l u a t i o n  

of t h e  90 capsules  s u m l i e d  i n  Dhase - t h r e e .  

of t h i s  phase ( n . O .  L+??O?OH4 Amendment :lo. 3 )  was qiven  by 

Bendix on A p r i l  2 ,  1 0 6 5 .  

f o l l o w s  : 

?he r e l e a s e  

The Darts r e q u e s t e d  were as 

33 Parts qpY 16C1C Issue c1 
33 " L67C D 
3 11 168B I'  C 

1 1  168C It C 2 



'+ . 1. c; i,r.'!:,r'cpM IT f , ;  ?T'T 

The following sec t ions  nrescnt a detailed discussion o! 

the development efforts by tiexcel in order to obtain 

capsules as originally rec'iested, the difficulties en- 

countered, methods and attermts made to overcome the 

problems, chanpes suggested and nade in configuration 

details, and data obtained on the various core tvDes 

fabrlcated. 

The sections are broken down by configuration as out- 

lined in Table I. Figures I - A  through I-F show 

photographs of typical modes of failures experienced 

in the development phase. Each type is discussed in 

the text. 

6 
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Fig. 1 - A  F a i l u r e  of  3"O.D. - 2"I.D. c y l i n d e r  made from 
15-0-15 CROSS-CORE wrapped wi th  g l a s s  r e i n f o r c e d  
tape .  

8 



. .  

Fig. 1-B F a i l u r e  of  6.8"O.D. - 6.0"I.D. c y l i n d e r  30-0-30 
CROSS-CORE wrapped with glass r e i n f o r c e d  t a p e .  

9 
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Fig. 1 - C  F a i l u r e  of h e l i c a l l y  wrapped c y l i n d e r .  1/8" 
co r ruga ted  s t r i p s  2" wide wound i n t o  6.8"O.D. - 6.0"I. D. c y l i n d e r .  

10 



1 I .  

Fig. 1-D Buckling of 6.8"O.D. - 6.O"I .D.  s p l i c e d  c y l i n d e r s .  

11 



Fig. 1-E Close up of crushed c y l i n d e r  3.0"O.D. 
2.0"I .D. 30-0-30 CROSS-CORE wi th  l/4 
s e c t i o n  c u t  out  t o  show d e t a i l  of 
crushed m a t e r i a l .  

1 2  



Fig. 1-F Buckling fa i lure  of a 30-0-30 CROSS-CORE 
c y l i n d e r  s p l i c e d  with .032" s k i n  i n t e r f a c e  
3.10"O.D. - 2.OO"I.D. -- 11"T. 

1 3  
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Fig .  1-G Two specimens SPX168-C t e s t e d  i n s i d e  a 3" I .D .  
support s l e e v e .  

14 



Fig. 1-H Buckling of a 47"T specimen SPX168-C made of 
s i n u s o i d a l l y  cor ruga ted  AL-5052 f o i l .  

15 



Fig. 1-J Failure of V-splice of 2 x 4'' CROSS-CORE blocks 
30-0-30. 

16 



I HEXCEL "DODUCTS XHC. .., . 
RtD Departmerit 

I 
I *  
I 
I 

T h i s  c o n f i g u r a t i o n  was made of I!excel 's  r e g u l a r  expanded honeycomb, 

AL 1/8-5056-.0009. After exp;znsion, t h e  c o r e  was c u t  i n t o  b l o c k s  

which were t h e n  turned on a l i l the to a d i a m e t e r  of 6-1/4". It  was 

o r i g i n a l l y  expec ted  t h a t  e t c h i n g  or a n n e a l i n g  of t h e  specimens would 

be r e q u i r e d  t o  reduce  t he  crush  s t r e n g t h  to 180 p s i ;  however, it was 

found t h a t  t h e  - 1/8" t o l e r a n c e  on n.D. was s u f f i c i e n t  t o  p r o v i d e  

parts w i t h  an  average  c r u s h  load of 5500 l b s .  

found t h a t  s l i g h t  overexpansion would reduce  t!w s t r e v g t h  t o  t h e  re- 

quired v a l u e s .  F igure  2 shows a t y p i c a l  l o a d  def l2 ,c t ion curve for a 

+ 

I n  a d d i t i i n ,  it was 

s i x - i n c h  long specimen. 

small and t h a t  the strobe was 78%. 

No+& t h a t  t h e  l o a d  f l u c t u a t i o n s  are v e r v  

D i f f i c u l t i e s  were e r t o u n t e r e d  i n  making t h e  52" long c a p s u l e s .  

p r o d u c t i o n  c a p a b i l i t i e s  l i m i t  t h e  t h i c k n e s s  

P r e s e n t  

or  "T" of expanded 

honevcomb t o  about  27". 

To de te rmine  t h e  effect  of s p l i c i n r :  on c r u s h  c h a r a c t e r i s t i c s ,  t e s t  

sgecimens were made of t h r e e  s ix- inch  9"' s e c t i o n s  s p l i c e d  t o g e t h e r  

w i t h  a .005" aluminum s k i n  and S h e l l  %on 907 a d h e s i v e .  The ends  of 

e a c h  s e c t i o n  were ppecrushed vrior t o  bonding i n  o r d e r  t o  e l i m i n a t e  

Hence, s p l i c i n g  s e c t i o n s  would be r e q u i r e d .  

peak load d u r i n g  t h e  t r a n s i t i o n  from one s e c t i o n  t o  t h e  next .  

shows t h e  c r u s h  l o a d  c u r v e  for r l  s p l i c e d  snecimen . 
Figure 3 

I t  can  be seen  

17 
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4.1.1 CON~I~URATT3N 111-C CON?''l .  

t h a t  t h e  t r a n s i t i o n  a t  t h e  s p l i c e  is uniform w i t h  only a minor 

change i n  c r u s h  load. 

Because of t h i s  f i n d i n g ,  t h e  l o n g  c a n s u l e s  w e r e  made by t h i s  method. 

Three s e c t i o n s ,  each bein. a p p r o x i n a t e l v  17" long,  were s ~ l i c e d  to- 

g e t h e r  u s i n g  a .012" t h i c k  aluminum s k i n  a t  t h e  splices. 

t h r e e  c a p s u l e s  were made usinF: S h e l l  Fbon 907 adhes ive .  

seven  c a p s u l e s  were bonded w i t h  S h e l l  Epon 931 a d h e s i v e  because  of 

the p l u s  3 0 O O F  envi ronmenta l  t emnera ture  requi rement .  

D e s p i t e  t h e  e a r l y  s u c c e s s e s  wi th  t h e  s h o r t  s i x - i n c h  "T" spliced 

sections, b o t h  a t  Hexcel and a t  Bendix, it w a s  found t h a t  t h e  long; 

c a p s u l e s  would b u c k l e  during t e a t i n g .  

were made u s i n g  o n l y  two s e c t i o n s  about 27'' long.  

way and precnushed a t  t h e  ends and not  a t  t h e  s p l i c e ,  e x h i b i t e d  uniform 

c r u s h  c h a r a c t e r i s t i c s .  

An a d d i t i o n a l  Bendix requi rement ,  which was n o t  realized u n t i l  March, 

1964, is t h e  u s e  of a p e r f o r a t e d  Dlate i n  t h e  s p l i c e  t o  a l l o w  passage 

of gases frm one s e c t i o n  t o  the next.  

t i o n ,  a p e r f o r a t e d  s k i n  was used durinq bondins, .  

For f u t u r e  a p p l i c a t i o n s ,  expanded !ionevcomb could Dossibly be made of 

t h e  f u l l  52" ? g i v i n g  a one-sect ion csnsule; however, this would require 

design and c o n s t r u c t i o n  of new equjprnent and some d e g r e e  of development 

work. 

The first 

The remaining 

For t h i s  reason, new c a p s u l e s  

C y l i n d e r s  made t h i s  

I n  subsequent  r a m u l e  fabrfca- 
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,! 1 

A .  . O”!\..“. - 
I 
I T h i s  t y p e  is made by t h e  s p i r a l  trranning technioue .  Using a 2’l mandrel ,  

a flat f o i l  and a c o r r u g a t e d  Foil are wrapDcd s i n u l t a n e o u s l v  around t! is  

mandrel u n t i l  t h e  d e s i r e d  3” d i m e t e r  is reached.  The a d h e s i v e  is aprl l ied 

t o  both s i d e s  of t h e  cor ruga ted  f o i l  before  manning .  

One of o u r  major d i f f i c u l t i e s  i n  nroducing t h i s  t y p e  t o  meet t h e  d e s i r e d  

c r u s h  s t r e n g t h  h a s  been t h e  a p T l i c a t i o n  and cont ro l  of t h e  amount of t h e  

adhes ive .  

I t  was a p n l i e d  w i t h  a n  electricc311v d r i v e n  r o l l e r  a p q l i c a t a r .  

o f  the e v a p o r a t i o n  of MEK durinF t h i s  Drocess, t h e  v i s c o s i t y  variations 

resulted i n  non-uniform and non-reneatable adhes ive  a o p l i c a t i o n .  

The o r i g i n a l  adhesive was 3Y’s EC-13136 d i l u t e d  1 t o  .67 MEK. 
I 
I Because 

T h e r e f o r e ,  we decided  t o  u s e  a d i f f e r e n t  a d h e s i v e  which was ?remixed 

and less s u b j e c t  t o  changes i n  v i s c o s i t y .  

Epotuf (Code $SF-5473-1). 

v a r i a t i o n s  were n o t i c e a b l y ?  l a r g e .  

caused hv t h e  amount i n  t h e  node. 

This  a d h e s i v e ,  i s  Reichhold’s  

Even wi th  t h i s  a d h e s i v e ,  t h e  c r u s h  s t r e n g t h  

The f l u c t u a t i o n s  are a p p a r e n t l v  

?he s k e t c h  below i s  reFroduced +om a n icronhotogranh  of t h e  node of two 

c o r r u g a t e d  f o i l s  and t h e  t h i n n e r  Flat i n t e r l e a f  f o i l .  T h i s  TUBE CORE (9) 

was made w i t h  t h e  low v i s c o s i t y  E p o t u f  adhes ive .  The s k e t c h  i l l u s t r a t e s  

t h e  non-uniform “sandwich” t h i c k n e s s  and t h e  f i l l e t  produced by t h e  

adhes ive .  



F i g u r e s  4 ,  5 ,  and E show t h e  v a r i a t i o n s  o b t a i n e d  even w i t h  t h i s  

Cpotuf adhesive.  

I n  a d d i t i o n  t o  c o n t r o l l i n c  t h e  d h e s i v e  a n n l i c a t i o n ,  t h e  o u t e r  

s k i n  wrap and a few nodes were renoved fro% t h e  c y l i n d e r s  t o  

o b t a i n  an average  c r u s h  s t rengt ! )  between 5100 and 5900 l h s .  

With t h e  p r e s e n t l y  a v a i l a b l e  equipment,  hexagonal  c o r r u g a t e d  f o i l  

can be produced i n  wid ths  ap t o  11" vide .  [fence, i n  o r d e r  t o  make 

t h e  t a l l  c y l i n d e r s  which have a 5troke of 40", s e v e r a l  sections 

have t o  be s p l i c e d  toRether .  Some p r e l l m i n a r v  s n l i c e d  test samples 

were made. One set was made h v  c u t t i n g  t h e  ends t o  a 10O camber and 

bonding t h e  mating ends.  (See s k C t c 5  SelocJ) Another s p l i c e  was riade 

wi th  a .012" inLeL.ldce, and one n o r e  w i t h  a .033" f o i l  i n t e r f a c e  t o  

s t a b i l i z e  t h e  ends.  I n  each c a s e ,  however, t h e  specimen buckled a t  

one of t h e  s p l i c e s .  F igure  7 shows t h e  r e s u l t .  

,~ ,012" 
I NTERFACE 

Figure  8 shows t h a t  an  i n t e r n a l  sn l ice  o b t a i n e d  hyr b u t t i n E  t h e  e n d s  of 

c o r r u g a t e d  f o i l  d i r e c t l y  t o g e t h e r ,  is a lso  unsatisfactory. I n s t e a d  of 

t h e  usual f o l d i n g  of t h e  f o i l ,  the b u t t e d  s n l i c e  s p l i t  and t h e  sections 

s l i d  p a s t  each o t h e r  breaking  am! t e a r i n g  UD t h e  i n  and o u t s i d e  walls. 

I 
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4.1.2 CQNrTCU?ATT3!i I-C Ct-~!:’!”’I. 

All of t h e  above s t a t i c  c rush  t e s t s  were made w i t h  t h e  s p e c i n e n s  

u n s u w o r t e d .  Subscquent lv ,  a t e s t  sleeve s u p p o r t  of t h e  ssmn i n s i d e  

and o u t s i d e  d i a m e t e r s  as t h a t  usel! bv Bendix was f a b r i c a t e d .  

S e v e r a l  s p l i c e d  specimens were teste_! i n  t h i s  s u p p o r t .  Secause  of  

t h e  e x c e s s i v e  c l e a r a n c e  between t i e  3” O.D. a n n u l a r  c o n f i g u r a t i o n s  

and t h e  4.62” I.D. of t h e  suppor t  sleeve,  however, a d d i t i o n a l  means 

of s u p p o r t i n g  t h e  specimens were cons ide red .  

For  t h e s e  room tempera tu re  t e s t s ,  wooden r i n g s  were made t o  fit j u s t  

below and above each s p l i c e  as shown i n  t h e  s k e t c 3  below. During 

c r u s h i n g ,  however, t h e  s i d e  l o a d s  were so  grea t  That t h e  r i n g s  a c t u a l l y  

c u t  i n t o  t h e  core and buck l ing  was s t i l l  i n i t i a t e d .  Vertical bars, 

s u p p o r t i n g  t h e  specimen f o r  t h e  f u l l  l e n g t h ,  were a l so  u n s u c c e s s f u l  

SLEEVE 

RINGS 

F i n a l l y ,  a 3” 1.3. sleeve i n  whizh a 

t r i e d .  F i g u r e  I-? shows two suck s n e  

r a t h e r  un i formly ,  b u t  t h e  o t h e r  s t i l l  

i n  d d r a s t i c  d r o p  i n  c r u s h  load .  

s p l i c e d  specimen f i t t e d  snug ly  w a s  

cimens a f t e r  t e s t i n R .  ?ne c rushed  

buckled  a t  a s p l i c e  which r e s u l t e d  

23 



During t h e  p e r i o d  of t h i s  develonnent  work of s p l i c i n g  TUBE CORE 

s e c t i o n s ,  Hexcel's Engineer inq De?ar txent  was c o n s i d e r i n g  m o d i f i -  

c a t i o n  and imnrovement of a n o t h e r  t v m  of c o r r u l l a t o r  which would !>e 

able t o  c o r r u g a t e  f o i l  up t o  70" wide. T h i s  machine, however, would 

only  be a b l e  t o  c o r r u g a t e  a s i n u s o i d a l  p a t t e r n  such as  used i n  t h e  

pa?er  i n d u s t r v .  The depth  of c o r r u g a r i o n  is apnroxmately 3/32". 

After c o r r u g a t i n g  a few hundred f e e t  of foil w i t h  the.% rollers,  a 

f e w  p i e c e s  of TUBE CORE were made and t e s t e d .  

and c o n s u l a t i o n  w i t h  Bendix, it was decided  t o  make t h i s  "Conf igura t ion  I-C" 

P.fter some d e l i b e r a t i o n  
* 

u s i n g  t h e  s i n u s o i d a l l y  cor ruga ted  material  and make t h e  ?arts i n  one 

s e c t i o n .  

A t  t h i s  time, 5056 aluminum allov was only a v a i l a b l e  i n  s t o r a g e  i n  

1.4 m i l  and 2.6 m i l  gauges of t h e  51" wide web. 

t i o n s  of t h e s e  f o i l  gauges,  it wzs found t h a t  t h e  o n l y  way t h i s  configu-  

After t r v i n g  combina- 

r a t i o n  could  b e  made t o  t h e  d e s i r e d  c r u s h  s t r e n g t h  was t o  u s e  a double 

sheet of 2.6 m i l  f o i l  as the i n t e r l e a f  material and a 2.6 m i l  f o i l  for  

t h e  c o r r u g a t e d  m a t e r i a l .  

(Code SF 5473-1). 

The adhes ive  used,  a g a i n ,  w a s  Cpotuf 

As was d i s c u s s e d  previously, d i f f i c u l t i e s  s t i l l  remained i n  o b t a i n i n g  

t h e  correct crush s t r e n g t h .  

made were tes ted s t a t i c a l l y  and as  r e f l u i r e d  were modif ied  to  give 5500 lb. 

4s a consequence, t h e  TURK CG?E ? a r t s  

crush l o a d ,  This modification would amount to removing o r  adding  some 



1 4 . 1 .  2 '3 ' ; " Ipr  "'"'IQ'J 1-r ('( ';T t - . L  

oF t h e  o u t e r  wrappinn. 

f i l a m e n t  time o b t a i n e d  fron t he  3" Cornganv, Yunber 870 .  

i s  effective i n  preventin? p eel in: O T  t h e  o u t e r  wra9pings vithout 

e f f e c t i n ?  the crush s t r e n q t h .  

up t o  30OOF. 

parts provided to Bendix. 

TLie find: n a r t s  wepe wraoped with a Elas-, 

T ~ : s  taDe 

"Iw t a n e  is guaranteed to be qood 

Tigure 9 i s  a 10;iC; d e f l e c t i o n  c u r v e  of one of these 
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With t h i s  conf l e u r a t i o n ,  s I m i l a ; l i  nro?Jlems have been e n c o u r t e r e d  as 

w i t h  Conf igu ra t ion  T-C. r i g w e  1C shows t h e  t e s t  r e su l t s  of t h e  

s p l i c e d  specimen. T?ie u n s t a b l e  !:all caused inward b u c k l i n r  as 

shown i n  t h e  s k e t c h .  T h i s  i n s t a l i i l i t v  was a l so  observed i n  some 

non-spl iced s ix - inch  "T" snecimcns.  

After some p r e l i m i n a r v  t h e o r e t i c a l  wcrk, I t  was found t h a t  t h i s  

i n s t a b i l i t v  was possibly caused hv  C u l P r  buck l inq .  As a consequence, 

a mutual decision wi th  Bendix was made to develor, a TUBE CORE of a 

c r o s s - s e c t i o n a l  area which would be of a s t a b l e  c o n f i g u r a t i o n .  S e v e r a l  

dimensions were tried and a f t e r  aq reenen t  w i th  Eendix,  t h e  final 

dimensions were s e l e c t e d  t o  be 5-1/2'' I.D. and 7-L/4" 0.9. 

Again, t h i s  c o n f i g u r a t i o n  was made using t h e  s i n u s o i d a l l y  c o r r u g a t e d  

material i n  o r d e r  t o  provide f u l l - l e n g t h  TUBE COXE par t s .  

combinations used were 1 . 4  m i l ,  F la t  f o i l ;  and 1.4 m i l ,  c o r r u g a t e d  

The f o i l  

material. Again, t h e  adhes ive  used bras Epotuf. These p a r t s  were 

also m a p p e d  with 3?"s No. 870 Filament g l a s s  tape .  

t h e  t y p i c a l  load d e f l e c t i o n  curve f o r  the end niece t aken  from one 

Figure 11 shows 

of t h e s e  c a n s u l e s  provided  t o  Rendix. 

3 2  
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CT?OSS-CnDf: has bee;: cons idered  for enerF-7 a h s o r r t i o n  a n D l i c a t i o n s  , 

however, o u r  tests have shotm tha?:  i t s  c r u s h  c h a r a c t e r i s t i c s  are n o t  

as uniform as r e q u l a r  honPycorA o r  s n i - r a l  cn-anned core. The C%O?..S- 

C O X  t h a t  e x h i b i t e d  t h i s  non-uniformitv was made i n  t h e  folbowin,o, 

manner . 
I n i t i a l l y ,  a s u i t a b l e  j i g  for tioldin!: t h e  s u c c e s s i v e  co r ruEa ted  foil 

pieces was c o n s t r u c t e d .  

The placement of t h e  f o i l  pieces denends on t h e  CTIOSS-CO3E tvpe. 

The f o i l  used was one w i t h  1/8" c o r r u g a t i o n s .  

For 

example, for  t h e  t y p e  denoted as 30-0-30 CRnSS-CO!?E, tne Dlacement was 

as shown in fiRure 1 2 .  

t i o n s  at Oo w i t h  resDect t o  t h e  r e f e r e n c e  a x i s ;  t h e  fo l lowing  foil 

p i e c e  was p l a c e d  wi th  i t s  c o r r w a t i o n s  a t  an a n g l e  of +30° v i t h  t h e  

reference axis fol lowed hy a piece w i t h  c o r r u q a t i o n s  a t  an angle of -3OO 

The  f i r s t  foil Diece was Dlaced w i t h  i t s  c o r r t g a -  

with the reference ax i s ;  t h e n  t h i s  sequence was r e p e a t e d  starting with 

t h e  Oo i n c l i n a t i o n  again.  

a d h e s i v e  appl ied  t o  bo th  its faces  pr ior  t o  p l a c e n e n t .  

t h e  core block  i n  t h e  manner describer! above t o  t:?e d e s i r e 2  size, t h e  

Each O F  t h e  c o r r u l a t e d  f o i l  p i e c e s  h t d  t h e  

After b u i l d i n g  up 

b lock  was cured a t  3 5 P F  under s u ' f i c i e n t  n r e s s u r e .  T h i s  bonded b lock  

was t h e n  trimmed anC s p e c i w n s  of tl!e requSred s h a x  ?nd s i A e  were c u t  

from the  core block. 
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T h i s  nrocedure b r a s  followed for t h e  f a b r i c a t i o n  c.f a l l  CP,OS?- 

CORE' types ,  t h e  Pnode of placement he ing  de?endent 03 t h e  de- 

sireti cell o r i e n t a t i o n s .  Qiir t e s t s  have shown l a rEe  force 

f l u c t u a t i o n s  ani! s i g n i f i c a n t  load droDs at t ho  hoflinninp and 

end of t h e  str0L.e w i t h  t h i s  CPnS5-CORE. F i p u r e  1 3  shows t h e  

load c u r v e  of a ?It x 4" t e s t  c u t  of AL 1/8 -5056- .0034 CRQSS 

CORE (30-0-30) which demonstrates this nhenomenon. FiKure 1 4  

shows t h e  p e r i o d i c i t v  of t h e  f l u c t u a t i o n s  e x h i b i t e d .  T h e  c u r v e  

of F i g u r e  1 4  is drawn from t h a t  of Figure  13 by eliminating the 

secondary f l u c t u a t i o n s .  A p o s s i b l e  e x p l a n a t i o n  for  t h e  observed 

phenonena may be as follows: 

An examinat ion  of F i g u r e  14  shows t h a t  t h e  period of fluctuations 

corresponds  closely t o  t he  t h e o r e t i c a l  v e r t i c a l  d i s tance .  between 

nodes,  h2. the compressive strength is n o t  

as g r e a t  as that for t h e  bonded s e c t i o n  and t h e  foil would buckle 

more readily and under lower loads. The dron i n  l o a d  towards t h e  

I n  this d i s t a n c e  h 
2' 

end of t h e  s t r o k e  is Drobablv due t o  t h e  unsunported f o i l  ends.  

The d i s t a n c e  hl is t h e  m X i m u 3  n o s s i b l e  h e i q h t  where t h e  c o r r u g a t e d  

f o i l  is n o t  bonded and t h i s  mav result i n  buckl iny  a t  a lower 

load .  
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4,1.4 CROSS-CORE CHASACTERISTICS COYT'D. 

The p a t t e r n  shown i n  t h e  sketch of F igu re  1 4  does not n e c e s s a r l y  m- 

peat itself from layer t o  l a y e r .  When t h e  block is l a i d  un, t h e  

co r ruga ted  s h e e t s  oriented i n  t h e  same d i r e c t i o n  may have their nodes 

offset. This  is best i l l u s t r a t e d  by the s k e t c h  below. 

WLth low-densi ty  CROSS-CORE (0 t o  8 pcf) ,  an a d d i t i o n a l  problem was 

* I  
I 
I 
1 
I 
I 
1 
1 

The pattern is s h i f t e d  r i g h t  o r  l e f t  as t h e  l a y e r s  are b u i l t  up. This 

results i n  a random d i s t r i b u t i o n  of t h e  bonded nodes,  and lese v i o l e n t  

peaks d u r i n g  c rush ing ,  Because of t h e  randomness, however, the load 

curve is n o t  t h e  same from specimen to specimen and t h e  f l u c t u a t i o n s  

observed are erratic. 

encountered .  The s t r o k e  ( d i s t a n c e  of head trawl w i t h  respect t o  

i n i t i a l  specimen height) was less t h a n  t h e  usual 70 to 80%. For example, 

one block of 30-0130 core mude w i t h  .0009" foil had a d e n s i t y  of 5.60 

and a s t r o k e  of only 50%. The mechanics  of crushing CROSS-CORE IS cm- 

p l i c a t e d  as d i s c u s s e d ,  Apparently, what haopens with t h e  low-density 

core is t h a t  t h e  unsupported f o i l  buck le s  and folds over b u t  the bonded 

nodes remain  und i s tu rbed  i n  t h e i r  sane r e l a t i v e  p o s i t i o n .  T h w ,  only t h e  

unbonded ribbons c o n t r i b u t e  t o  t h e  c rush ing  a c t i o n .  

To overcome t h i s  problem and make t h e  d i s t r i b u t i o n  of bonded areas more 

uniform,  t h e  core was l a i d  up with a f l a t  foil i n t e r l e a f  between each  

37 
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4.i.4 c~ioss CORE CHARACTESXSTICS CotrTtn. 

corrugated sheet. 

bonded to a flat foil. 

Thus, the whole ribbon of a corrwated shee t  was 

This  improve? the  crush characteristics 

significantly, particularly for  the l S o  cell-oriented core. 

the fluctuations were still excessive. 

However, 

Figure 1 5  is a plot of percent stroke versus density for s e v e m l  CRQSS 

CORE blocks with and without the flat interleaf. I t  CM be seen that 

despite the intpmvment with the interleaf, a large mount of scatter 

still exists. This makes it impossible to predict with reliability, 

the overall specimn l ength  required to give a s p e d f i e d  stroke length. 

Figure 16 shows t h e  Again, variations in crush strength with dens i ty .  

a large mount of scatter exists making It difficult to specify the 

density for a required crush strength. 

Ihe fluctuations of crush load from the average have always bem~ m o m  

1 
I 
I 
I 
I 
I 
1 
I 

+ 
than - 5%. In fact, as Figure 17 shows, the fluctuations have been as 

high as 17%. These fluctuations have haen very PXX!~. an& ~ z ~ r s d i c t a 2 1 ~ .  

On the average, however, the fluctuations have been higher fo r  the core 

with flat foil  interleaf. 

Because of the above mentioned difficulties, a decision w a s  mad& with 

Bsndix to eliminate the requirement that the fluctuation should be 

within - 5%. 
+ 

As long as the average crush load would be within the initial 

range, the core would be passable. With respec t  to the difficulty in 
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4.1.4 CROSS CO?C C:IARACTCRISTICS COXT ' 3 .  

o b t a i n i n g  CROSS CORE: of the e x a c t  c r u s h  s t r e n g t h  r e q u i r e m e n t ,  an  

approval was obtained from Bendix t o  make t h e  CROSS CORE configu- 

ra t ions  of such  dimensions t h a t  t h e v  would meet t h e  5500 l b .  crush 

load .  T h i s  is d i s c u s s e d  more f u l l y  i n  t h e  f o l l o w i n g  sections. 
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4.1.5 CONFICURATION 1-8 

. .  
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3'10.9. - 3"I.D. 
(30-0-30) 

The i n t i t i a l  attemuts a t  making t h i s  c o n € i p u r a t i o n  o u t  of C?OSS CORE 

material were unsuccessfu l  i n  nee t in- ,  t h e  r e q u i r e d  c r u s h  c h a r a c t e r i s t i c s .  

The f o i l  gauges used were very small and t h e  amount of a d h e s i v e  used 

was inadequate  t o  su?por t  t h e  s h e a r i n ?  loads d u r i n g  crushinc. .  

consequence, t h e  c y l i n d e r s  would buckle  and c o l l a p s e .  

failure is shown i n  F igure  18. 

was used and t h e  f o i l  gauzes i n c r e a s e d ,  

As a 

Such a specimen 

Subsequent lv ,  a t h i c k e r  coat of a d h e s i v e  

An attemTt was made t o  h o l d  t h e  c y l i n d e r  walls t o g e t h e r  and n r e v e n t  t h e  

s l i d i n g  and f o l d i n g  tendency by  w r a p i n g  and bonding f o i l  t o  the i n s i d e  

and o u t s i d e  of the  c y l i n d e r s .  

s t a b i l i t y  of t h e  walls,  t h e  c rush ing  of t h e  h e a w  f o i l  added peaks t o  

t h e  load c u r v e s  d u r i n g  c r u s h  t e s t i n g  (see F i g u r e  19). Each of t h e  s i x  

peaks s e e n  i n  t h e  F i g u r e  19 corresnonds t o  a fold of t h e  foil. 

Following, t h i s ,  a n o t h e r  a t t e m D t  a t  stabilizing the c y l i ~ d P r  !aalIs xss 

aade by wrappine, a g lass  f i l a m e n t  t a p e ,  S c o t c h  ?ape NO. 898, around t h e  

c y l i n d e r  specimens.  T h i s  gave sa t i s fac torv  r e s u l t s .  The t a p e  h a s  a 

h i g h  t e n s i l e  s t r e n g t h ,  but does n o t  c o n t r i b u t e  t o  t h e  c r u s h  s t r e n g t h .  

Subsequent ly ,  it was dec ided  t h a t  a l l  t h e  CSOSS COF,E specimens would 

be wound w i t h  f i l a m e n t  t a p e .  

a t  h i g h e r  tem?era tures ,  t h e  #a93 tape was dec ided  t o  he s u b s t i t u t e d  by 

t h e  #870 t a p e  which can endure 303OF. 

ALthouZh t h i s  r e s u l t e d  i n  a n  improved 

I n  o r d e r  t h a t  t h e  ta?e m a i n t a i n  i t s  s t r e n g t h  
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4.1.5 C O ~ J ~ I G ~ J R A ? I O ? i  I-I3 C??::?'?. 

We next d i r e c t e d  o u r  efforts towards o b t a i n i n g  t h e  d e s i r e d  s t r e n g t h  

c h a r a c t e r i s t i c s  by i n c r e a s i n g  rhe  foil gauge t o  .0034" and apply ing  

t h e  EC-1386 a d h e s i v e  unc!iluted. 

12.5 pcf. 

t o  t h r e e  d i f f e r e n t  o u t s i d e  diameters: 

3.10", 3.00", and 2.90". 

s e e n  i n  F igure  20 which s i l o w s  t h e  r e s u l t i n g  c r u s h  l o a d s  for  t h e  

d i f f e r e n t  c r o s s  s e c t i o n a l  areas. ?he o b s e r v a t i o n s  r e s u l t e d  in the 

s e l e c t i o n  of 3.10" O.D. - 2.00" I . D .  as  t h e  f i n a l  dimensions for t h e  

specimens.  

Figure 2 1  shows a c r u s h  load d e f l e c t i o n  r e c o r d i n g  of one such  specimen. 

?he a v e r a g e  load is 5500 lbs.  b u t  t h e  f l u c t u a t i o n s  are as much as 9.3% 

which is much more t h a n  t h e  al lowance of - 54. 
shipment of f o u r  similar 6" ? specimens was made t o  Rendix w i t h  t h e  

unders tanding  t h a t  t h i s  f l n c t u a t i o n  i s  i n h e r e n t  to t h e  core and cannot  

be overcome a t  t h i s  t i m e .  

I n  o r d e r  t o  f a b r i c a t e  c a p s u l e s  54If lor.g, t h e  i n i t i a l  a t t e m p t s  were made 

bv s p l i c i n g  s h o r t e r  s e c t i o n s .  Xhi le  t e s t i n g  a s?ll iced specimen, it was 

observed t o  b u c k l e  at t h e  s p l i c e .  

a t t e m p t ,  t h e  s e c t i o n s  were machined c a r e f u l l y ,  n r e c r u s h e d  and bonded 

around a 2" O.D. mandrel.  A .032" s k i n  was used as a s p l i c e  interface. 

However, d e s p i t e  t h e  careful ali?rl;nent and bonding, t h i s  column also 

a c c e p t e d  b u c k l i n g  ( s e e  F i g u r e s  1-F and 2 2 ) .  

?h i s  gave a core d e n s i t y  oF about  

?he c y l i n d r i c a l  s p e c h e n s  nade i n  t h i s  matxer were machined 

The t e s t  r e s u l t s  wi th  t h e s e  specimens are 

+ 
D e s p i t e  t h i s  fact ,  a 

To c o u n t e r a c t  t h i s  problem i n  a n o t h e r  

i7 
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4.1.5 CONFIGURATION I -B  CONT'D. 

Another splicing a t t e m p t  was made w i t h  severa l  r e c t a n g u l a r  CROSS CORE 

blocks. The ends of these 2" x 4'' blocks wem c u t  i n t o  a V-shape and 

mated together as shown in Figure 23 without  p re -c rush ing  the ends. 

The idea behind t h i s  type of a snl ice  was t h a t  the crushing action 

would g r a d u a l l y  t r a n s f e r  th rough the splice w i t h o u t  p m d u c i n g  large 

f l u c t u a t i o n s  i n  the c r u s h i n g  load. 

seen i n  F igu re  23; howaver, when p a s s i n g  through t h e  splice, acme node 

failures occurred and t h e  specimen began t o  crush at  an angle. 

Figure I l l )  

failure of the specimen. 

The f i n a l  s p l i c i n g  technique used was to  i n c o r p o r a t e  the splicing of t h e  

12" wide c o r r u g a t e d  material i n t o  t h e  block as l a i d  up; i n  other words, 

t h o  corrugated sheets were b u t t e d  du r ing  t h e  lap up w i t h  the sp l i ced  

position vary ing  throughout  the block.  

O.D. was t h e n  performed on a 54," l o n ~  block.  The 3" 1.3. uzs fiachineci 

by d i e  punching the f u l l  l e n g t h ,  t h e  O.D. was machined on a l a the  to 3.1". 

T e s t  slices were t a k e n  f r o m  each Dart and after o b t a i n i n g  t h e  t e s t  c u r v e s  

it was realized sane parts sti l l  had to be modified somewhat to raise the 

crush s t r e n g t h  to t h e  r e q u i r e d  1400 p s i .  

entire column i n  a d i l u t e d  s o l u t i o n  of EC-1386, 

After dipDing and rnodifyin.9: t h e  full-length narts,  t h e v  were r e t e s t e d  t o  

confirm meeting t h e  5500 lb. crush load. 

with 3M's No. 870 glass f i l a m e n t  tape. 

d e f l e c t i o n  cu rve  for an end p i e c e  t a k e n  from one of t h e  c a p s u l e s  provided  

t o  Bendix, 

T h i s  is what a c t u a l l v  happened as 
-" 

(See 

This a c c o u n t s  for t h e  gradual drop in c r u s h  load and 

The machining of t h e  I.D. and 

This  was done bv d ipp ing  t h e  

These parts also were wrapped 

F i g u r e  24 shows a t y p i c a l  load 
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U n t i l  t h e  u s e  of a f l a t  f o i l  i n t e r l e a f  was c o n s i d e r e d ,  as d i s c u s s e d  

i n  t h e  "C?OSS-CO?f. C h a r a c t e r i s t i c s "  s e c t i o n ,  the IS0 c?rier.tad CROSS- 

COP! c y l i n d e r s  which were t e s t e d  e x h i b i t e d  v e r y  u n s a t i s f a c t o r y  crush-  

i n g  c h a r a c t e r i s t i c s ,  Without t h e  i n t e r l e a f ,  t h e  c y l i n d e r  walls buckled 

and fo lded  over non-uniformly r e s u l t i n g  i n  wide f l u c t u a t i o n  of t h e  

c r u s h  load. 

The i n i t i a l  specimens were made of t h e  15-0-15 CWSS-COFE t v g e ,  u s i n g  a 

l i g h t  f o i l  gauge and a t h i n  app1.ication of d i l u t e d  EC-1386 adhes ive .  A 

t n i c a l  load curve and t h e  r e s u l t i n z  f a i l u r e  observed i n  t h e s e  low-density 

cylinders are shown i n  Figure 35. 

One r e a s o n  for such b e h a v i o r  is t h e  d i s t a n c e  "h 

suppor ted  foil between nodes. 

were l a i d  up i n  a 15-15-15 p a t t e r n  i n s t e a d  of a 15-0-15 p a t t e r n  by e l i m i n a t i n g  

t h e  s h e e t s  w i t h  c o r r u g a t i o n s  a t  Oo t o  t h e  r e f e r e n c e  axis and a l t e r n a t l n g  

t h e  +15* and -15O s h e e t s .  The s k e t c h  below i l l u s t r a t e s  t h e  r e d u c t i o n  i n  

"h2" o b t a i n e d  in t h i s  manner. 

and u n d i l u t e d  a d h e s i v e  was applied in an e f for t  t o  o b t a i n  t h e  d e s i r e d  c r u s h  

load .  

(see T i g u r e  14) of un- 
2 

I n  o r d e r  t o  r e d u c e  t h i s  d i s t a n c e ,  t h e  s h e e t s  

I n  a d d i t i o n ,  t h e  f o i l  t h i c k n e s s  was i n c r e a s e d  

P.nother solution at tempted was wravpino t5e specimens wi th  898 f i l a m e n t  

taoe. However, i n  spite of t h e s e  e f f o r t s ,  t h e  c v i i n d e r  walls s t i l l  ex- 

h i b i t e d  b u c k l i n a  and f o l d i n g ,  ?he load c u r v e  and t h e  d r o p  off i n  load under 

t h e s e  c i rcumstances  are shown i n  rigu-re 26. 



4.1.6 C3NFI'UKATICN I-A C 9 i Z " D .  

On examinat ion of t h e  specimen failures, it was n o t i c e d  that a l l  of 

t h e m  o c c u r r e d  i n  t h e  d i r e c t i o n  p e m e n d i c u l a r  t o  t h e  r i b b o n  !see s k e t c h  

below). 

o r i e n t a t i o n  of t h e  cel ls  w i t h  respect to t h e  specimen c e n t e r l i n e .  

c o u n t e r a c t  t h i s ,  sane specimens were nade from s i x  s e c t i o n s  c u t  a t  600 

and bonded t o g e t h e r ,  wi th  t h e  r ihbon i n  each section p o i n t i n g  towards 

t h e  c e n t e r .  

The r e a s o n  fo r  t h i s  was b e l i e v e d  t o  be t h e  non-synmetrical 

To 

SOLID CORE GO" SECTION5 
50NDE:D 

The specimens p r e p a r e d  i n  t h i s  macner were machined t o  t h r e e  d i f f e r e n t  

diameters, wrapped w i t h  t a p e  and tes ted .  

d i s a p p o i n t i n g .  

A photograph  of the type of failures for  specimen numbers 1 A - I O  and 1A-15 

is s e e n  i n  F i g u r e  I-A. 

However, t h e  r e s u l t s  were a g a i n  

The load curves  of s i x  such specinens are  shown i n  F i g u r e  27. 

57 



4.1.6 CCNFIGURATION I-A CONT'D.  

Another method that was attempted for fabricatinE specimens of this 

capsule type was "helical wrappinq". This method involved wrapping 

narrow corrugated foil strips around a mandrel. The anEle at which 

the strips were wrapped was 15O as illustrated below. 

On testing, however, this type of core was found to have extremely 

poor crushing characteristics. 

cut into each other and folded over, producing unfavorable results. 

actual test results obtained were shown in Figure 28 and no uniform 

crushing was obtained with this type. 

Finally, the idea of using a flat foil interleaf occurred to us and 

was tried out, 

made in this manner, 

at the edges but the second one crushed uniformlv for the t o t a l  length. 

The load fluctuations, however, were still found to vary as rnuch as 14% 

from the average, 

This configuration also was finallv made bv interleafing the splice i n  

the block during lay up and then machining the 1.3. and 0.9. as discussed 

in Section 4.1.5. 

During loading, the edges of the s t r i p s  

The 

Figure 29 is a crush load recording of two cylinders 

The first specimen again failed by folding over 

Despite the fact that in some cases this 15O oriented 
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4.1.6 CO?4FICUSPb'I'ION I - A  C5;;T'P. 

C3,fISS-COX exh iS i ted  buckl ing  d u r i n g  crushinR,  I t  was believed to be 

the best  effort Hexcel could  provide Ln rnakinc t h i s  c o n f i g u r a t i o n  t o  

t h e  o r i g i n a l  r e q u i r e n e n t s .  F igure  30, a g a i n ,  shows a t;:picd.l load 

d e f l e c t i o n  c u r v e  of a shor t  end sample taken from one of t h e  parts 

provided to Bendix. 

fairly good c r u s h  c u r v e ,  subsequent tests bv Sendix indicated t h a t  fo r  

the long c a p s u l e  buckl ing  was s t i l l  occurring. 

Although t!:is i s  a short section and e x h i b i t s  a 
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4.1.7 CONFIGURATIONS 2 A  A N 3  2B 6.8"O.D. - 6.C)"1.3. CRDSS CORE 

I Much d i f f i c u l t y  has  been enou wi th  t h e s e  c o n f i g u r a t i o n s .  The 

i n i t i a l  a t t e m p t s  wi th  CROSS CORE were comple te ly  unsuccess fu l  f o r  t h e s e  

c o n f i g u r a t i o n s .  

f o l d i n g  of t h e  c y l i n d e r  walls as soon as t h e  c rush ing  load  w a s  a p p l i e d .  

F igu re  31  shows t h e  load  curve of two specimens made from 30-0-30 CROSS 

CORE. 

r i b b o n  i n  each  s e c t i o n  p o i n t i n g  towards t h e  c e n t e r  fo l lowing  which t h e  

O.D. and I .D.  were machined. 

t ape .  

Helical wrapping of t h i s  type has  been c m p l e t e l y  u n s u c c e s s f u l  due t o  

t h e  f o l d i n g  of t h e  f o i l  edges  as d e s c r i b e d  p rev ious ly .  

photograph of t h e  r e s u l t s .  

i n s i d e  d e t a i l s .  

An agreement was made wi th  Bendix t o  i n v e s t i g a t e  t h e  effect of i n c r e a s i n g  

t h e  w a l l  t h i c k n e s s  i n  an a t tempt  t o  eliminate t h i s  

same t i m e ,  t h e  use o f  an i n t e r l e a f  f o i l  would a l s o  be t r i e d  o u t  f o r  t h e s e  

c o n f i g u r a t i o n s .  

a l l  wi th  a 5.5 I.D. v i z :  

I n s t a b i l i t y  of t h i n  walled c o r e  caused buck l ing  and 

The c y l i n d e r s  were made from s i x  60° s e c t i o n s  bonded w i t h  t h e  f o i l  

The specimens w e r e  wrapped w i t h  898 f i lament  

F igu re  I B  is a photograph of t h e  type of f a i lu re  encountered ,  

F i g u r e  I C  is a 

Note, a section has  been c u t  o u t  t o  show t h e  

i n s t a b i l i t y .  A t  t h e  

To t h i s  e f f e c t ,  f o u r  sizes were chosen for t h i s  comparison, 

a. 6.30" O.D. 

b. 6.62" 0.3. 

c .  6.94" 3 .D .  

d. 7.26" O.D. 
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4.1.7 CQXFICURATIONS 2A AY.13 2R CONT'7, 

The f i r s t  a t t e m p t  of t h i s  comparison was made with heavv-dens i ty  

co re .  I t  was found t h a t  a l l  t h e  6-1/4" T sDecimens c rushed  wi thou t  

buck l ing  b u t  t h e  l o a d s  were t o o  lar,c,,e to make t h e  comyarison v a l i d .  

The second a t t e m p t  was made with lower-dens i ty  c o r e ,  t h e  i n t e r l e a f  

f o i l  added. 

specimens.  

f o i l ,  t h e  core s t r e n g t h  was sti l l  found t o  be well above t h e  d e s i r e d  

5500 lbs. 

F ieu re  32 shows the load r e c o r d i n g  for  the 6.62" 0.9. 

The specimen crushed well b u t  because of the interleaf 

?he load f l u c t u a t i o n s  were as h igh  as 9.1%. 

Because of the difficulties i n  o b t a i n i n g  specimens t h a t  wouL0 not  

buck le  and also have t h e  d e s i r e d  c rush  s t r e n g t h ,  a second agreement 

was made wi th  Bendix t h a t  Hexcel would a t t e m p t  t o  make specimens 

of such  dimensions t h a t  buckl ing  would n o t  occur and t h a t  p r e s e n t l y  

a v a i l a b l e  f o i l  gauges cou ld  he used: Th i s  n e c e s s i t a t e d  i n c r e a s i n g  

the ce l l  s i z e  for a 1/16'' dep th  c o r r u g a t i o n  t o  a 3/32" dep th  mmuga- 

t i o n .  

core, t h e  c a p s u l e s  could  L e  made t h e  f u l l  l e n g t h  wi thou t  and d i f f i c u l t i e s  

o f  s p l i c i n g  s e c t i o n s  t o g e t h e r .  Capsules  were f a b r i c a t e d  i n  t h i s  manner 

Again, by i n t e r l e a f i n g  t h e  b u t t  s p l i c e  d u r i n g  t h e  lay up of the 

and sh ipped  t o  Bendix. F igure  33 shows an end sample from one of these 

capsu le s .  
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6-1/4" S3LI 3 CROSS-CORE 
4.1.8 C9CFTCW.ATiQX.S 3A A!:? 33 

These configurations required a crush strength of oniv 160 x i  which 

necessitated using a verv low-densitv core. The thinnest available 

AL 5056 foil was ,0009" giluge. t?Itholigh this f o i l  has been verv 

difficult to corrugate and handle, we were finally able to make some 

CROSS-CORE with it. 

As discussed in the general "CROSS-CCW section, low density, CROSS- 

CORE behaves very strangly during crushing and may Pesult in a stroke 

of only 50%. 

The stroke of this particular sample was onlv 40%. 

To overcome this difficulty, a flat foil interleaf was used. This PO- 

d u d  a strub of 70 - 80% b W  increased the crush strength. 

Pbe lightest density corn we have been able to make using the 8pec i f i ed  

1/16" corrugations was w i t h  .0009" corrugated foil, .0009" interleaf, 

and a t h i n  coat of Epotuf adhesive. 

350 psi which is almost double the desired strength. 

Because of these difficulties, a decision was made and approved by Bendix 

to increase the call size from the 1/16'' corrugation to l f 4 "  corrugation 

and t o  use a flat-foil interleaf. 

Figure 34 is a crush load recording of such a test specimen. 

The crush strength of this core was 

Small blocks were initially laid up 

i t o  verify the design crush strength. Additional six-inch sarnples made 

Altnough the crush strength of this this way were Drovided to Bendix. 

material was significantly decreased, it was still somewhat above the 
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' wr? Department ,.!ob !lo. 2 5 7 0  

4.1.8 C O N f T W ? V . ' ? I C "  3 A  ,@,'I? 3B ~nOE.IT'S. 

180 p s i  requirement; in fact, f m  Configuration 3A, the average crush 

strength obtained was approximately 325  psi and for Configuration 3B, 

305 psi. Based upon these values, the capsule diameter was decreased 

to give a crush load of 5500 pounds. 

The long capsules were made usinE these dimensions and laying up the 

block by interleafing the butt splice and machining the entire cylinder 

from one block. 

Figure 35 shows a load deflection curve for an end sample for one of 

these parts. 

crush load. 

sulted in major catastrophic failures which indicate that this low density, 

CROSS-CORE is not very suitable for energy absorption. 

Notice that this core still exhibited lar3e variations in 

In fact, Bendix' test of the full length configurations re- 
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5.1.0 CONCLUSXON 

This program for the design, development, and fabrication of 

honeyconb attenuators for energy absorption has resulted in 

a more advanced and broader understanding of the many variables, 

phenomena, and core characteristics associated with aluminum 

honeycomb as a media Tor eneryy absorption. When this yogram 

was initiated, it was thouvht t h a t  the "state of the art" was 

adequate to specify in detail the requirements for this test 

series; h e v t r ,  during The r!evel.onment Fhase, it was soon 

realized that the first suggested design and statement of 

work needed several modifications. The many types of failures 

encountered, the attempts to overcome these failures, the 

consequential new-product developments, and the final success- 

ful fabrlcation techniques as discussed in Section 4.1 of this 

report, can be summarized as follows: 

1. The most efficient honevcornb core fo r  relatively low 

crush strength levels (150 to 500 psi) is regular ex- 

panded honeycomb. 

type have resulted in e2erg-r absomtion capsules 

with an exceptionally smooth crush resnonse. 

Soijc? six-inch cylinders of this 

c 
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2.  Solid cylinders of C!?OOSS-CI)RE exhibited better 

crush characteristics in the higher crush 

strength levels than in the low strength 

range. ?he use of light density CROSS-CORE, 

under static and dynamic loading, resulted in 

catastrophic failures in buckling and an 

angular shear plane. CROSS-CORE is difficult 

to fabricate to a specified crush strength 

level. 

3.  Annular cylinders for energy absorption can best 

be made of TUBE CORE, a vertically oriented cell 

honeycomb specificblly designed for this purpose. 

This core can be made to operatt successfully 

between crush strength levels ranging from 500 to 

5000 psi. 

4. The physical dimensions of the caDsule are extremely 

important -in obtaininz uniform crush characteristics. 

Thin-walled cylinders of large .p/d ratios tend to 
buckle and deform excessively during loading. No 

specific criteria has as yet been determined but care 

should be exercised in the design ?bases to provide 

maximum cross-sectionai areas. 
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5. Splicing sections togetner to obtain long capsules 

should be eliminated because of the inherent problem 

of buckling at the splice. 

a single splice without precrushing the sections 

has proven successful. 

If absolutelv necessary, 

Additional findings include the Following: 

a. Wrapping the capsules w i t h  a glass  filament tape 

b. 

C. 

prevents peeling of the “dog-ears” or outside cells 

without effecting the crush strength. 

CROSS-CORE made with a flat sheet between each 

corrugated sheet results in more uniform crush 

characteristics. 

Crush strength can be reduced by annealing aluminum 

honeycomb at 4 5 O O F ;  increased by dipping or spraying 

adhesive on the outside. 

7? 
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5. Splicing sections togetner to obta in  lonc  c;i- :ulc:: 

should be eliminated because of the innerent problem 

of buckling at the splice. If absolutclv necessarv, 

a s i n g l e  s p l i c e  :litha.,'; ?recrushln: tne sectlms 

has proven successful. 

Additional findings include t he  Following: 

a. 

b. 

C. 

Wrapping the capsules with a glass fiiament tape 

prevents peeling of the "dog-ears" or outside cells 

without effecting tht! crush strength. 

CROSS-CORE made with a flat sheet between each 

corrugated sheet results in more uniform crush 

characteristics. 

Crush strength can be reduced by annealing aluminum 

honeycomb at 450OF; increased by dipping or spraying 

adhesive on the outside. 
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